Abstract: Dielectric spectroscopy is a powerful method that allows the study of dynamics of polymers in a wide frequency range. In this work, the state of clay dispersion was related to the dielectric properties of the polymer nanocomposites based on organoclay filled maleated polypropylene (PPgMA). Fully and partially exfoliated samples were prepared through powered sonication and melt blending, respectively. Though two mechanical relaxations were revealed from dynamical mechanical analysis (DMA), only a single high-temperature process resulting from interfacial polarization was observed in broadband dielectric measurements. Dielectric dispersion parameters that appear sensitive to clay loading and degree of exfoliation were identified. The nanomorphology was primarily reflected in the Maxwell-Wagner characteristic relaxation frequency value, fp, where samples with higher degree of exfoliation showed lower relaxation rate. The relaxation time constant, which is the reciprocal of 2 fp, can be correlated with mean distance of clay layer separation in the nanocomposites and therefore provides additional information on exfoliation of clay platelets. A clear evolution of the relaxation activation energy with the degree of clay dispersion was also observed. The experimental results indicated that sonicated samples with fully exfoliated clay platelets yielded the longer relaxation time and the higher activation energy compared to their partially exfoliated counterparts.
Introduction
The incorporation of polymers by smectite clays has been known for several decades (1, 2) . In such cases, a significant increase in the interlayer spacing is observed, indicating that polymers are incorporated within the galleries and that a distinct chain conformation is produced. The appellation "nanocomposite" describes the unusual architecture of these hybrid materials. In contrast to the conventional particulate filled microcomposites, the nanocomposites exhibit a wide range of enhanced performance, such as mechanical, thermal and gas barrier properties, at a relatively small loading. Interest in the incorporation of polymers within inorganic hosts stems not only from their obvious potential as technological composites, but also from the opportunity of providing convenient macroscopic systems to study the fundamentals of nanoscopically confined polymers.
Many research efforts have focused on the commercial exploitation of polypropylene due to its attractive combination of properties and low cost. However, it has been a scientific challenge to disperse silicate clays in the highly apolar polyolefins because of the absence of any strong interactions. Even if the alkylammonium-based o-MMT has surfactants with the same aliphatic nature as PP, there would be neither attractive nor repulsive enthalpic interaction between surfactant and polymer (3) . In other words, such systems are at theta conditions, (Flory-Huggins type interaction parameter χ=0), and there is no favorable excess enthalpy to promote PP/o-mmt dispersion. The general approach for modifying PP has been the addition of polar functional groups or hydrophilic block to the polypropylene backbone. Most research works employed the commercially available maleic anhydride grafted PP (PPgMA) polymer (4) (5) (6) (7) (8) . Such functionalized PP would be affine with the clay and also be compatible with the bulk PP matrix. Though both exfoliated and intercalated structures had been observed in the maleated PP/organoclay composites (9-15), many exfoliated nanocomposites, when viewed at various magnifications, suggest that the apparent exfoliation that occurs during blending actually results in loose tactoids or aggregates of clay sheets. Until a clear understanding of the effect of constituent interactions most likely to promote complete exfoliation is in hand, achieving the optimum properties with inorganic nanofillers will be difficult. Because of the small dimensions of the filler particles and the resulting high surfaceto-volume ratio, nanocomposites typically have, even at low filler concentrations, a high fraction of interfacial regions (interphase) with a major influence on the physical properties and therefore on the material performance; process monitoring during nanocomposite preparation and morphological characterization of the resulting nanocomposite materials is of increasing importance. In this study both dynamic mechanical analysis (DMA) and dielectric relaxation spectroscopy (DRS) was used to investigate the molecular mobility in such systems, which may be utilized as an indicator for the characterization of nanocomposite materials with regard to nanoparticle dispersion and filler/matrix interactions.
Scientifically speaking, such nanocomposites may serve as a model (16) for studying the dynamic behavior of the polymeric matrix, especially of those parts being preferentially located in the interfacial regions. In particular, the adsorption of polymer segments onto a rigid inorganic structure may slow down their dynamics (17, 18) where extent and spatial range of this influence should depend on their intermolecular interactions as well as their chain stiffness (19, 20) . Furthermore, nanaosized dimensional restrictions by the clay layers may have an effect on the cooperative motion of the polymer molecules such as the glass transition, which is often referred to as confinement effect (21, 22) , or induce changes in the local free volume distribution (23, 24) possibly leading to enhanced molecular mobility. Such details of the local polymer structure and dynamics in the interfacial regions adjacent to rigid inorganic fillers have also been identified to be of decisive importance for the development of nanocomposite applications.
Moreover, these techniques may also contribute to the technological development for convenient and quantitative assessment of nanocomposites and nanoparticle dispersion as well as silicate layer exfoliation. Based on dielectric relaxation spectroscopy, approaches for on-line monitoring of nanocomposite processing have been developed (25) (26) (27) . A better understanding of structure and dielectric behavior of the extended interphase fraction in nanocomposites should also significantly improve the specific development of such materials, especially for more sophisticated applications in sensors, optics, microelectronics, and the field of functional materials.
Results and discussion

Morphological Characterization
We first examine the microstructure of the nanocomposites. The x-ray film diffractograms for PB3150/I30P nanocomposites with clay content from 1 to 5 wt% are displayed in Fig. 1, Fig. 1(a) and Fig, 1(b) being for melt blended and sonicated composites, respectively. The dashed line in Fig. 1 shows the peak position of the pristine I30P, corresponding to a gallery height of 2θ 3.74 o (2.36 nm). As indicated in Fig. 1a the small remnant shoulders were observed for each formulation, and their intensity became lower with decreasing loadings along with a distinct shift to lower angle, clearly indicating an intercalated structure in the melt-blended samples, and the expansion of the original clay gallery with PB3150. The increase in the interlayer spacing of the clay gallery was due to the intercalation of polymer chains, and as a result, the interaction of the silicate layers should be weakened. In addition, the interlayer spacing of the intercalated clay increased from 3. , showing relatively small and inconspicous peak. Since complete exfoliation and dispersion of clay platelets exhibit no peak (2), the diffraction results indicated that the clay in the sonicated samples would be almost fully exfoliated. And the shoulder seen at 5 wt% sample may result from the agglomeration of exfoliated clay layers after sonication. In any case, the clay layers in the sonicated samples would be nearly exfoliated with wider mean interlayer distance compared to melt-blended ones of the same clay content. 
Dynamical Mechanical Thermal Analysis
In order to get an overall picture of the relaxation processes, we first investigated the relaxation behaviors of polymer chain segmental motions by means of DMA measurements, which may also characterize the composite interfacial interactions (28, 29) . Storage modulus spectra (E") of neat resin and PB3150/I30P nanocomposites with 5 wt% clay content are presented in Fig. 2 for both meltblended and sonicated samples. Although a considerable improvement in the storage modulus values is seen when clay is added, a general falling trend with increasing temperature can easily be observed for all samples. Above glass transition temperature around 0 o C, the storage modulus values drop as the temperature increases. Particularly in the vicinity of glass transition temperature, a considerable drop is observed, which indicates that the material is going through a glass/rubber transition. This is the glass ( ) transition, which is the major transition in both neat resin and composites. Over the entire temperature range studied in this work, the nanocomposites showed improvements in storage modulus spectrum over the neat PB3150, and sonicated samples improved more than the melt blended ones mainly due to higher degree of clay exfoliation. In addition, it is important to keep in mind that the glass transition determined from storage modulus spectrum generally represents the onset of the segmental motions. Figure 3 shows the loss modulus spectra (E") of the same samples. All composites exhibited loss modulus values higher than that of neat PB3150, which have been reported previously for polypropylene nanocomposites (30, 31) . Two major transitions are easily seen. The first transition, which is seen around 2 0 C for neat resin, is the glass transition ( ). Again glass transition temperatures were slightly shifted to lower temperatures in the case of composites as compared to the neat PB3150, suggesting a higher degree of molecular chain mobility due to reduced chain cooperativity upon the addition of layered silicates (16, 27) . Another transition is seen as a broad peak in the range of 60 to 80 0 C. This is the " transition, which usually seen in high crystalline polymers due to interlamellar shear (32) . As it is seen, this transition was not very obvious in neat PB3150 but became more distinct in the case of the composites. Also, it is interesting to see that the " transition was shifted to higher temperatures in the nanocomposites, which seems that the segmental motion in the polymer chain between crystalline lamellar structures was hindered by the dispersed clay layers.
Fig. 3.
Loss modulus spectra of the nanocomposites at 5 wt% clay content.
Dielectric Relaxation Spectroscopy Analysis
The dielectric properties was investigated in this section. It is well known that each dielectric mechanism effect has a characteristic relaxation frequency. As the frequency becomes larger or the temperature becomes lower, the slower mechanisms would drop off. This in turn leaves only the faster mechanisms to contribute to the dielectric storage ". The dielectric loss factor " will correspondingly peak at each critical frequency (28) . In polymeric materials with permanent dipoles under an external electric field, the dipoles rotate to align with the electric field causing orientation polarization to occur. In heterogeneous systems of polymers containing conducting ions or charge carriers, the contribution to both dc conductivity and electrode polarization effects (33) is significant. The ionic polarization is composed of ionic conductivity and interfacial or space charge polarization. At low frequencies ionic conduction is the most prevalent mechanism. Ionic conduction only introduces losses into a system. Interfacial polarization occurs when translating charge carriers become trapped at the interfaces of these heterogeneous systems (33) . The electric field distortion caused by the accumulation of these charges increases the overall capacitance of a material, often observed in most polymers at high temperature or low frequency, would lead to significant increases in both " and ". Such increases indicate evidences of both ionic conduction and electrode polarization and must be corrected for in order to quantify the material dielectric properties. This is accomplished by modelling the electrode as a capacitance/resistance admittance that is in series with the sample and dc conductivity as a resistance in parallel with the sample (27, 34) .
Various models, based on the classic Debye dispersion equation, has been proposed to account for interfacial relaxation and different dielectric constants and conductance values (35, 36) . The complex permittivity * can be written as the Havriliak-Negami (HN) function:
where is the unrelaxed permittivity in the high frequency region; (Δ ) j is the dielectric strength of the jth dielectric relaxation; j is the jth molecular relaxation time; iω=2πf is the angular frequency (rad/s); 0 is the absolute permittivity of free space (8.85x10 -12 F/m); and dc is the ionic dc conductivity; and j and j are the shape parameters describing the symmetric and asymmetric broadening of the jth relaxation peak respectively. When β=1, Eqn. 1 becomes the Cole-Cole equation that describes relaxation with a symmetric distribution of relaxation times. Specifically, the second term is the sum of Havriliak-Negami (H-N) relaxation functions representing the orientational or interfacial polarizations. The third term is due to ionic conduction, proportional to the reciprocal of frequency. The ionic conduction term becomes significant, especially when the mobility of the polymers increases, and it decreases with frequency.
Dielectric Permittivity and Loss Factor
We first take a look at the dielectric measurements on the neat PB3150 and its 5 wt% clay nanocomposites extending over a temperature range from -50 to 140 0 C at constant frequencies. Figures 4a and 4b show the dielectric constant "and the loss factor ε", respectively, developing during the heating process of the samples measured at 1 and 100 Hz. The ε" of neat resin remained as a constant at a value of 2.2, showing no dielectrically active relaxation process regardless of their low grafting degree of the polar group of maleic anhydride, but the ε" of the nanocomposites increase with increasing temperature. As expected, the high frequency (100 Hz) permittivites are lower than that measured at low frequency (1 Hz) due to the suppression of low frequency polarization modes, and at high temperature regions (above 50 °C) they increase proportionally with temperature. It can be seen that a single relaxation process is observed as a step change for the hybrid systems in ε" curves. With increasing frequency from 1 Hz to 100 Hz, the step change shifts from 50 to about 100 °C. The temperature range of this relaxation process is much higher than the glass (α) transition, though it overlaps with the mechanical α' transition. Since it seemed like no dielectrically active response of the neat resin, the polarization would be due to charge carriers accumulated at the interface between clay nanolayers and matrix polymer, which has been seen in other nanocomposite systems, such as nylon (26, 27) , maleated polypropylene (37), and epoxy (38) , referred to as MaxwellWager-Sillars (MWS) relaxation or interfacial polarization. In particular, the permittivities of the nanocomposites converge to a plateau value of about 2.2, same as the neat PB3150, at the low temperature limit. Furthermore, the permittivity of the sonicated composite is higher than that of melt blend, since the degree of clay exfoliation is higher in the sonicated sample, as seen from XRD results.
The increase in the measurement frequency affects the magnitude of dielectric loss factor qualitatively similar to dielectric constant. ε" at high frequency (100 Hz) is also lower than that at low frequency (1 Hz). Note that while the neat resin shows nearly vanishing ε", it only vanish at low temperature region for both nanocomposites. The sonicated sample again shows higher ε" than the melt-blended one due to more effective clay exfoliation. In addition, in the isochronal ε" plots as shown in Fig. 4b , the corresponding dielectric loss maximum ε" max can be found at the position from about 50 to 90 °C with increasing frequency from 1 Hz to 100 Hz for melt-blended sample only. However, for the sonicated sample the peak of loss maximum, which is masked by high dc conductivity, becomes much more broadened and hardly to be seen. The heterogeneous silicate inclusions, even if they are nonpolar, often cause heterogeneous dielectric polarization as a result of the accumulation of charge carriers at the interface of two media with different permittivities or conductivities. In the PB3150/I30P nanocomposite systems, the gallery height and molecular interaction between the polymer chain segments and nanolayers can form an effective nanosized capacitor structure (39), providing increased values of bulk permittivity and loss factor in such a favorable nanostructured morphology. In this configuration, the gallery height is extended with polymer molecules, and the counterions are desirably arranged to accumulate at the interface between clay layers and polymer molecules. Overall, the dielectric constant and loss factor of polymer nanocomposites may be tailored by the incorporation of small amounts of nanoplatelets controlling the nanosized gallery heights. Finally, the large increase at high temperatures observed in both ε" and ε" was attributed to the charge carriers accumulating at interfaces within the bulk of the sample (interfacial polarization, see Eq. 1) and/or at the interface between the sample and the electrodes (electrode or space charge polarization). The increase in dielectric loss at high temperatures also originated from dc conductivity σ dc in addition to these polarizations, which obscured the ε" max peak due to interfacial polarization in the sonicated samples.
Since the interfacial polarization is our major concern, we will only investigate the high temperature behaviors of the PB3150 nanocomposites for dielectric measurements. Figs. 5 and 6 show the overall behavior in frequency dependence of the real ε" and imaginary ε" parts of the complex dielectric permittivity for the nanocomposites with 5 wt% clay in the temperature range from 30 to 100 °C. Similar to the temperature sweep tests, only a single relaxation process can be observed in these figures. The relaxation process is observed as a step in ε" curves in Figs. 5a and 5b for melt-blended and sonicated samples, respectively. With increasing temperature from 30 to 100 °C, the step shifts to higher frequencies from 10 -2 Hz to100 Hz for both composites, which indicates a thermally activated process in this frequency region. In the isothermal plots of ε" (see Figs. 6a and 6b), corresponding broad relaxation peaks, ε" max , appear in the melt-blended sample, but in the sonicated sample only unapparent peaks can be observed at high temperatures. With increasing temperature from 30 to 100 °C, the peak position shifts to higher frequencies from 10 2 Hz to100 Hz for both composites, which indicates a thermally activated process in this frequency region. When temperature is lower than 50 °C, the peak of the meltblended sample shifts to lower frequencies and becomes lower than the lower limit of the frequency range of our measurements. The height of the ε" max peak decreases and the peak becomes broader with decreasing temperature due to weakened chain mobility. Again the levels of ε" are higher in the sonicated sample due to higher degree of clay exfoliation (same as temperature sweep tests). These relaxations do not obviously correspond to the bulk dielectric characteristic of pristine PB3150 showing nearly vanishing loss factor over the frequency range under investigation. The high values of ε" at low frequencies were attributed to the interfacial polarization and electrode polarization, which have been seen at high temperature regions in the temperature sweep tests. Similarly, those ε" max peaks masked by high dc conductivity and electrode polarization are hardly to be observed in the sonicated sample.
Electric Modulus
The dc conductivity and the electrode polarization that was observed in the hightemperature and low-frequency data in the previous figures are associated with the transport of free ions through the softened polymer matrix under the action of an electric field. By using the electric modulus formalism (40) for the treatment of raw dielectric data, the contribution of electrode screening and conductivity effects in the low-frequency tail can be minimized (41) . To better identify the interfacial polarization process, the electric loss moduli (M") spectra at various temperatures are computed by dividing the raw dielectric loss data, ε", by ε" It can be seen the magnitude M" max of this peak for these samples is nearly constant over the temperature range under investigation. The frequency of the peak maximum f p given by the relation =1/ 2πf p a measure for the interfacial relaxation time, , which is assumed to represent a characteristic time scale of the interfacial polarization. The two characteristic relaxation times of melt-blended sample, " and M" , determined by means of ε" and M" plots, respectively, as expected correlate to each other, i.e., the log f value of " is about two to three times that of M" . However, with ε" max peak masked by various effects, the M" peaks are clearly seen in Fig. 7b for the sonicated sample. The M" peaks, detected within the experimental frequency window, denote the MWS relaxation process associated with the interfacial polarization within the bulk matrix.
Effect of Clay Loading and Dispersion
Next M" at different clay loadings was plotted against frequency as shown in Figs. 8a and 8b at 100 o C for both samples. Firstly, we notice that the magnitude of M" increases rapidly with clay loading in the nanocomposites. Since during the dielectric experiment free ionic species are displaced by an applied electric field, when the electric field is alternated the ions reposition/translate to maintain alignment with the electric field. Thus, as mentioned before, the heterogeneous clay inclusions often cause interfacial polarization, electrode polarization, or freely diffuse in the matrix resulting in direct-current conductivity (σ dc ). The filling polymer resins with more silicate fillers would translate to a greater number of ionic and mobile surfactants present in the matrix, the ionic conduction process was promoted resulting in a rise in dc conductivity. Eventually high dc conductivity would lead to significant increase in ε" and M" (see Eq. 1). Comparing sonicated composites to the melt-blended ones, it can be clearly seen that a drastic increase in M" with clay loading varying from 2 to 3 wt% for sonicated samples, and only less drastic increase from 3 to 4 wt% for melt-blended samples. Such sudden increase may imply percolation behavior which will be explored further in the future.
Furthermore, the high-temperature process due to MWS relaxation observed in the dielectric spectra of the two nanocomposites can provide further insight into the mesoscopic structures of the nanocomposites. It can be clearly seen that the peak frequency f p of sonicated samples are lower compared to that of melt-blended ones at the same clay loading. The interpretation of f p is conveniently explained if one think of the dynamics of the interfacial polarization in terms of an RC circuit with R, the log f resistance (polymer), and C, the capacitance (layered silicates) time constant expressed as =RC, where (relaxation time) is the time it takes to reach a new equilibrium as a result of applying an alternating current. The direct current (dc) conductivity term, σ dc , reflects the ability of free ions to diffuse through the polymer matrix, where the free ions can be unbound, bound and/or degraded organic modifiers (42, 43) , ion exchange by-products (43), and/or other impurities. Resistance (R) is the opposition the polymer offers to the flow of these free ions, therefore the conducting resistance of the filled resin can be approximated by the ionic conductivity of the nanocomposite, R 1/σ dc . Since  can also be expressed as =1/2πf p , then the f p values can be discussed in terms of the resistance (R) and capacitance (C) behavior of the nanocomposites using these relationships, f p σ dc /C. While σ dc is mainly associated with the clay loading, the composite capacitance in the sonicated samples would be higher due to effective clay exfoliation, causing the creation of extra interfaces, and increasing the number of nanosized capacitors, which is hypothetically composed of layered silicate electrodes and polymer inserted in the interlayer. Thus the characteristic relaxation rate, f p , would be lower for sonicated samples.
From a microscopic point of view, the characteristic time of this process can also be discussed in the framework of the interfacial polarization, which is caused by blocking of charge carriers at internal polymer/clay interfaces described by an electrical double layer with an effective spacing characterized by its Debye length L D . This double layer nanocapacitor represents an additional capacitance in the system, and the time dependence of the polarization is due to charging/ discharging of that electrical double layer. Assuming a predominantly parallel orientation of partially delaminated/exfoliated silicate layers and a mean distance d between separated layers or stacks larger than L D (d>>L D ), the characteristic time can be estimated in the simplest possible approach analogous to that for electrode polarization using the following equation (41)
where ε s is the relative dielectric permittivity of the system, ε o is the dielectric permittivity of vacuum, and σ dc is the dc conductivity of the composite system. The time constant is therefore proportional to the mean distance between separated silicate layers in the nanocomposite materials. The comparison of the relaxation rates f p for the MWS processes in Fig. 8 reveals values for sonicated samples about four times lower compared to those for melt-blended ones. According to Eq. 2, it means that the mean distance between separate silicate layers is four times greater in the fully exfoliated sonicated nanocomposites than in the partially exfoliated melt-blended ones. This finding may be related to the X-ray diffraction results shown in Fig. 1 , where the mean interlayer spacing observed in the melt-blended samples were much smaller than that of sonicated ones, in which the clay platelets were nearly exfoliated except at 5 wt% loading.
Finally it can also be seen that the peak frequency f p shifts gradually to higher values as the clay loading increases for both melt-blended and sonicated systems. The weak dependence of f p on the clay loading has also been observed in the nylon/clay nanocomposites (26) , which may also reveal the subtle difference in the state of clay dispersion in the nanocomposites with different clay content. Remember that the average interlayer thickness determined from X-ray diffraction peaks decreased with clay loadings for both nanocomposites, which corresponded to a greater f p with increasing clay content.
We then plot the peak relaxation frequencies, f p , against the reciprocal temperature in Fig. 9 . The linearity of f p with 1/T indicates an Arrhenius type relation. The corresponding activation energies determined from the slopes are listed in Table I . Note that the activation energies of MWS relaxation of both composites are clearly lower than that of typical α" process (44) . Furthermore, it is interesting to see that the activation energies of sonicated samples are always greater than melt-blended ones due to excessive ionic species freed from well exfoliated clay platelets in sonicated samples which build up higher energy barriers to complete the charging/discharging cycle of the interfacial polarization process. However, the activation energy largely decreases with increasing clay loading may be due to structural inhomogeneities from aggregation of clay platelets and increased amorphous fraction (11, 14) in the high loading samples, reducing the resistance to the transport of charge carriers through the polymer matrix, which deserves further investigation in the future. 
Conclusions
We have studied the relaxation behaviors of PB3150 nanocomposites with DMA and DRS. The magnitudes of the dynamic properties of the nanocomposites were greater than that of neat resin. The sonicated samples showed larger increase than meltblended ones due to higher degree of clay exfoliation. There were two mechanical relaxation processes observed by DMA, i.e., the α" relaxation associated with the crystalline region and the segmental α relaxation (glass-rubber transition). Our findings showed that the nanostructured filler affects the dynamics of both relaxation processes. In particular, the α' transition was shifted toward higher temperatures, but the glass (α) transition was shifted to lower temperatures relative to the neat resin.
Regarding the DRS measurements only a single high temperature process was observed for the nanocomposite samples, which is associated with the interfacial polarization due to the heterogeneous silicate inclusions. Our results suggested that the dielectric relaxation dynamics of PB3150 were significantly affected by the nanostructured filler at temperatures above T g and strongly dependent on clay loading. Corresponding peak relaxation rates allow a quantitative estimate of characteristic length scales in the nanocomposites and therefore also depend on the degree of exfoliation of the silicate layers. This correlation may provide a possible route for the development of testing or monitoring procedures in the field of nanocomposite formation. In addition, the magnitudes of relaxation activation energies of the nanocomposites were much lower than that of α" relaxation. The activation energies of sonicated samples were always greater than melt-blended ones of the same clay loading. It was proposed that excessive ionic species freed from well exfoliated clay platelets in sonicated samples would build up higher energy barriers to complete the charging/discharging cycle of the interfacial polarization process.
The effects studied by dielectric MWS relaxation dynamics are able to provide valuable information on relevant bulk properties of polymer/layered silicate nanocomposites determined by structure formation and interfacial interactions on a nanometer scale. The relaxation behaviors may find applications in the development of process monitoring of the state of clay dispersion, and the innovation of specific nanocomposites for functional materials.
Experimental
Materials
The maleated polypropylene, trade name Polybond PB3150 from Crompton, was functionalized by maleic anhydride with 0.5 wt% MA, M w of 330000, and a polydispersity (PI) of 11. Octadecylamine (ODA) modified montmorillonite clay (Nanomer® I.30P) via ion-dipole interaction was used as received. The initial basal spacing was 2.36 nm, and the inorganic content was 66 wt.% from thermogravimetric analysis (TGA).
For fully exfoliated samples, the solution mediated PPgMA-organoclay nanocomposites with PPgMA in excess were used in our study. The solvent was xylene, a reagent grade supplied by Tedia. The solution hybrids were prepared by suspending organoclay in xylene by high powered sonication from a probe sonicator for two hours, and subsequently adding the suspension at an elevated temperature of 105 o C to a xylene solution of ca. 5 g/l PPgMA, then casting the suspension on glass plates to dry in a vacuum oven. The partially exfoliated nanocomposites were melt blended in an internal mixer, a Brabender PL 2000 plasticorder. The premixed organoclay and the powdered PPgMA were compounded at 200 o C for 15 mins. To all the compounds, 0.2 wt% heat stabilizer (EVERNOX-10) from Everspring Chemical Co., Taiwan, was added to prevent degradation of the polymer during sample preparation.
Structural Characterization
The characterization of the structure, i.e., degree of exfoliation and dispersion by XRD was carried out on film samples from the pellets. The basal spacing of the intercalated MMT was analyzed by an X-ray diffractometer (Schimadzu XRD-6000) using a Cu target at 40 kV, 40 mA. The data are recorded in the reflection mode over a 2θ range of 1. [5] [6] [7] [8] [9] [10] o  at a rate of 1 o /min, taking measurements at equal increments of 0.02 o .
Dynamic Mechanical Thermal Analysis
Dynamic mechanical relaxation was measured with a Perkin Elmer model 7e DMA working in bending mode at constant stress. The complex modulus, E* = E" + iE", of each sample was determined over a temperature range of -50 to 140 °C at a constant frequency of 1 Hz. The static and dynamic forces used for testing were 110 mN and 100 mN, respectively. The experiments were carried out at a heating rate of 2 °C /min. The dimension of the specimen samples was around 2-3 mm in thickness, 2 mm in width, and 12 mm in length.
Dielectric Relaxation Spectroscopy
In dielectric analysis, a sinusoidal voltage is applied, and this creates an alternating electric field; the measured current is expressed in a complex form (ε*) that can be separated into capacitive and conductive components giving the permittivity (ε") and loss factor (ε"), i.e., ε* =ε" -iε". For the dielectric measurements of the pristine PB3150 and the nanocomposites covering a frequency range from 10 -2 to 10 4 Hz were carried out with a TA high-performance dielectric spectrometer DEA 2970. The setup consisted of a frequency-response analyzer supplemented by a highimpedance preamplifier of a variable gain. The samples were melt pressed with Teflon sheet to keep smooth sample surface. Polished samples of about 1 mm thickness and 25 mm diameter were investigated between gold-plated stainless steel electrodes (plate capacitor geometry). Prior to measurements the samples were heated above T g to anneal out any thermal prehistory. The temperature of the sample was controlled by a gas jet heating system operated with liquid nitrogen. Before each frequency sweep the sample was thermally equilibrated at the selected temperature (ranging from 30 to 100 o C) with a stability of 0.2 °C. The temperature sweep was also performed at 3 °C /min from 30 to 100 °C in nitrogen at the selected frequency ranging from 1 to 10 4 Hz.
